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‘1’IIC ]ligll  level  of sl)atial unifornlityin lnodcrt) CCIk and other array detectors tnakcsthcrn exc.ellmlt  devices
f o r  astrolnetric and navigatiol]al systmns. IIowevcr, at tile level  o f  a c c u r a c y  eavisiolled  by tlie lnorealllbitious
]lrojccts, currc]lt tcclll~ology  l]roduces devices  will)  significant, ]Iixcl regis t ra t ion errors . ‘1’his ])a})er dcscrilm a
teclll}iquc  for Irlcasuril)g relative pixel positions to ail accuracy a])]~roaclli]tg  O.001  pixel. ‘1’he technique has been
a])plicd to WF/I’C 11 CCI)S which arc shc)w~l to IIavc 500 IIfJJ stcl]-arid-rcl)cat errors.

1. IIltro{lllctiolt

A r r a y  d e t e c t o r s ,  ill p a r t i c u l a r  CCl)s, arc proviug  to Iw excc.llcn’t astrc)lnetric d e v i c e s .  ‘1’lIcy can bc folllld
ill ground based  systmns,’ and IIave  heel)  u s e d  f o r  IIigll-l)rccision as(corllelry ill s p a c e  as WCII.2 A nu]!llwr o f
grou])s arc building CC ILbascd  adrorlldric cal[lcras,3’4 wliilc ottlr-rs  liavc hegurl  to Ineasurc tllcir dilnclwiona]
and l~hotolnctric. stal)ility.5’G

‘1’]Ic Astrolnctric Illlagitlgr]’clcscol)c  (A1’1’) i s  a  ],ro~)oscd  [K; lll>ascd  orl)iting t~lescopc  dc-sigtld t o  achieve
al] accuracy of 10 lnicro-arcsccoll ds. 7,s “J’IIe I,oi],t,dmigll ca]ls for t\\c)sidc-l)y-sicle4096x 4096  CCl)swit,h 7 . 5

]Ilicroll ])ixels in the focal I)laneofthc f/15, 1.5 ]0 dialneler llitctley-Cl]r4  tie]l optics, In thefocal plal]e, 10 lnicro-
arcsccollds (l/as) corresl)oncls t o  1 . 1  nTn, o r  1/6800 l>ixel, ‘1’0 acllievc t}lis  accuracy, tile CCIJ is ]JuIIu1 a c r o s s
the illlage plane, creating star trails that dfectivcly average over randol]l I)ixel-t&pixel di f ferences  in qualltutn
cflic.iellcy  and qualltllln efhcicncy gradicllts. W]lilc lltc averaging a lso  rcduccs scasitivity to pixel I)osition errors ,
tllc systc]il is sLill vulllm-al)lc  at tl)c 0 . 0 1  pixel  ]rvcl. ‘1’o our kllow,lcdgc,  nc) o]~e )Ias  cllaractcrizcd the s p a t i a l
utliforlnityof a CC1)  or other array detector willl  this accuracy.

‘lllc]lurpose oftl]isl)aper istodcwcril]e a t,cc}l]liquc for  llicas~lrillg rc]al, ivc I)ixcl rcgistratiorl  at t]lc accuracies
r e q u i r e d  fc,r Al’]’. ‘1’I]c tcclluique is si)n]~lc arid  irlcxl,cnsivc atld call  I)c used  OH a n y  a r r a y  detector, It  is  also
Ijrac.tical foroli-orbit calil)ratiolt. }}rellavel~crfc,rlllc(i all initial cx])eritl~elll,  tovaliclatct llct)leory,a llclsllowtllat
500 n]ll  stcl)-alld-repeat errors exist 011 s)llall WI I’/l’[; 11 CX;l)  c h i p s .

III scctio)l 2 ,  wc cl\lalttify tllerccl~iircll)  e~ltsot] (Z]) ulliforl[lityas they relate to A1”l’.  ‘1’hese illcl[lclecllialltlll[~
cflic.ienc.y, quantutn cnlciellcy gradicllts, charge trallsfcr dlicicncyj and })ixel regis t ra t ion. ‘J’lleflrst tl)ree requirc-
IIlel]ts  arcsurIJrising,ly sill]plc to acllicve al)d  call  be IIlrasurd using standard t e c h n i q u e s .  l]) sectio)l 3, we m:l)laia
lIc,w ~~ixel positiollsarc Inea$urcd wi[,]l tllc required  accuracy,  I;xl,crilllcrltal results aregivcn inscc.tion 4.

2 . CCD l{(,f]llir(:lllc!llts

2.1. l’ixd and slllbl)ixd rcquircnlm]ts

As noted  above ,  the Al’I’ CCIJ is pulled across tile it[lagc ])latw, forl[liag a set of parallel star trails. Star
]Iositiolls  arc lncwsurd ])erlwlldicular to tile direction of tllc trails. Each trail is about 4096  Colulllnslor]g,, I)ut
tllcilllagewidtll  is3 I]ixels,sc] there is arl effective redlictioll factor of ~4096/3  =- 37 ill any ralldo~ll,  u~lcorrclated
I)ixel-to-pixe] diffcrct[ces.

‘1’lic rcquirell]cmt,s  011 krlowlcdgc o f  cluantulll  cfficiellcy  (QE) arid  QE graclicats were prcsc[lted in all e a r l i e r
],al,cr, 7 G i v e n  the o})tical  systeIIi descrihcxl  al)ovr, IIigll-prccisiorl silnlllations of  t i le  cliflracLiotl-l  illlited l)mfor-
lllal~c.c a l lowed us to dctml)ine tl]at t}ic QE of ally I)ixrl  had to he known to 4% to achieve 10 pas prccisioa on
any star  t ra i l .  Ca]ihration  of QI at t,llc 4% Icvcl is  t r iv ia l ,  cvcl)  ill sl)ace. lrurtller, the relative Q}; cal ibrat ion

rail.gc rcxluirclncmt  Only extct]ds over tile it[lagc scale, or abc)ut 5 ])ixcls,  since each colu  ImI of tile star trail is an



itldc})mldel)t  IIlcasurell)cvlt..
Q1’;  gradicllts, when Ijlultiplid by irnrtgc  gradients ,  give an in tens i ty  tcr-f,l wl,osc  sign clcpct,ds on tile rdative

slo])es  of Ll]e two. ‘1’llis biases the cmtroid toward or away froln its true I)ositio]}.  Our simulatiotls show that QR
g,radicvlts  across  a  sit)glc ])ixcl  Inu.st  lJe krlowfl t o  2 1 % .  ~~alit~ration  of QIIJ gradietlts is uot l ike ly  in slIacc, but
groulld-brwd llw~surmncnts sl~ould  rmnain valid since t}le gradients arc ttlaillly duc to the relat ive t ransparency
of frollt-surface clcctrodcs (in a front surface dcvicc). III llack-ill~ll[lil]atecl  devices, pixel g,radiemts  should h well
blow tllc 21 % rcquirmllc~lt.

lbth t h e  QI’; and QE gradient rcquirclnmlts awu]l)c t}lat t})c proccsscs  a r c  randoln  and t h a t  Lhcrc a r c  n o
I)ixcl-to-  pixct corrclatiolls. For  corre la ted cfrects, the krlowlcdgc rcquiretncmts  are rducccl by fle, where  /, is the
cc)rrelatiorl lcr]gt,l) in ])ixcls.

(~lmrgc  Lralwfcr  dlicicncy (CII’1’U) was also addressed irl the previous work . 7 {H I’ITE causes a vertical trail to
Im left bcllirld as the Ilorizc]rltal  star trail is slliftcd out of the CC]). ‘J’lIc tails grow irl p ropor t ion  to  d is tance
fro]ll  tllc horizontal shift register (lISIt). ‘J’liis aflccts star ccrltroids by lirlcarly shifting thrm away from the llSIL.
Astrollietric. ]nodels  see this as a linear vertical trlagnificatiorl  cllarlgc, an clTcct that, does r]ot  in t roduce  any error
irl tile dctcr~llirlatiorl  of tl]c ])osition of OIIC star with rcsl]cct to a Jielcl of backg,rourld  stars. CIIrI’ljS o f  0 . 9 9 9 9 6
cause the fldd to appear orlc  lrlilli-arcsecolld larger irl the vertical dirncnsiol]; even linear astrolnetric i~late  scale
lliodcls reduce  tl~c illl])act oll target star positiorl to well l)r]ow  10 Itas.

2 .2 . I’ixcl ])osition require.nlc}its

For a  given rarldoln, uncorrclatd r.r[].s. pixd dis[]lacerllct~t  C7J,, tile r.111.s. ]Jixcl disl~laccmcl)t  of a star trail is
01,/37.  ]’or Al’l’,  star trail crrc)rs  s} IoIIld }Je less tllit]l  10 //as. ‘J’l)c l)osit, iorl c~f every  pixel sl)ould t]lcn be knc)wn to
alI accuracy of’ 370 l~as, or 0.005 l)ixr.-ls. l,argcr scale errors scc less colul]]rl  averagi])g but arc ]Jartially r e m o v e d
hy tllc astror[lctric  I)latc scale  lI]c)dcl. ‘J’llis is addressed irl detail ill t}ic fc,llowitlg  paragra})l~s.

Whcr)  tllc l)ixcl  disj,laccrllcrlts arc ral]dol]l, but llavc a characteristic corrclatiorl ler)gtll, the position knowledge
rcquircll)cl)ts dc]xnld  oll the order of tltc ast,rornctric  ]Jlatc scale r]lodcl  (Iirlcar, quadratic, or higllcr), tllc size and

slla])c of t]lc star field, arid  tile power sl)ectral dc~isity  of tllc displaccrllcrlts. Arly linear (and poss ib ly  quadra t ic )
tcrllls across  tllc star trails arc colnJ)lctcly rcrl)ovcd  by tllc IIlodcl. ‘1’lle star trails rcducc sens i t iv i ty  to  sJ]atial
v a r i a t i o n s  l)y avcragirlg  o v e r  s e v e r a l  c y c l e s  in the horizc)rltal  dilllcllsiorl,  wlli]c  actirlg as a sl)atial frltcr in t h e
ver t ical  dill}c]wio]l.  111 t]]is  scctic)r[,  we discuss t}]c astroll)dric scrlsitivity to l)ixcl  dis~]lacc~ncnts  as a function of
s])atial frcqucrlcy for two typical star fields.

A  colo]}utcr 111ocIc] w a s  c o n s t r u c t e d  t]lat siinulatcd t]lc  II,otioll of a star field as a dcfc,r]l!d ~~~:])  was  pIJlicd
across  tlic image ]Jlar]e. ‘J’lIc s t a r  fields arc sllowrl  irl figure 1 . Irl field  1, tile I)rightest s tars  arc  al)out 1 3 0
arcsccollds frolll tllc target star, while field 2 is rnorc corll])act, IJotl)  fields IIavc reasorlahlc ur]iforrnity  in both x
ar}d y. ‘J’IIc Jnodcl  used the Cont ro l led  ()]]tics N!odcllirig  l’ackagc (COMI})9  to form diffractiorl-li  rl]itd irnagcs irl
tllc focal ])lallc.  ‘1’hc irnagcs w e r e  irltcgrated itl OIIC dirllmlsioll  to for[n the lirlc  s})rcacl func.tiorls.

C(;l) dcforrnatiol)s were lIIocldcd as randorll, uncorrclatcd  ]f’ouricr coln})ollcrlts. ‘1’hc alnl,litudes and p h a s e s
w e r e  u s e d  tc) arlalytically  lnoclify  t}lc s t a r  t r a i l  by disl)lacirlg tile lil[c  sl)rcad furlctiorl irl each colurnr[  b y  tllc
surl)llled arll]~litudcs (with pro]wr p]]asc) of all s]]at  ial frcqucllcics cent, ril)uti]lg  tc) the dcfor]]lation at each p i x e l .
‘1’lIe all]],litudcs were  wcigtlted  s o  that ill a  givcrl  sljatial frequericy bar)d, t h e  r.rn.s. pixel clisplacclrlcrlt,  W a s
e q u a l  tcl tllc r.lll. s. disI)laccvl]crlt  that orlc would  expect for a 0.1 K ralldolo tclll])crat,ure f luc tua t ion  having  tllc
salllc sjlatial frcqucl}cy.  o u r  r e s u l t s  a r c  norl[lalizcd so t]lat,  t,]ley al] corrcs])o]l(l  to t]lc sallle r. Jrl.S. tcrllperature
gradicllts. I,argc scale ar]l])litridcs are l/\ tirllcs larger thatl sl[lall scale orlcs.

‘1’l]c average ])ositions of the rnodiflcd star trails were  cor[ll~utcd.  ‘J’hesc \vcre  ttlerl  cornI~ared  to t]le a v e r a g e
]msitior)s of t,l)c utlrnc,difcd t,ri~jls I)y fitting a litlcar afli[le  IIIO(IC1 (3 tcr]lls l~cr axis ,  6 t,crllls  to ta l )  to  tl]c rcfcrcncc
stars irl each field. “1’llc ~strorllet, ric  error is the true (ullrrlodificd)  target star ~Jositiorl corn  J)arcd  to tile target star
positiol]  ]~rcdictd I)y t}lc afhnc tratwfor[llation.

S},atial  frequcmcics were arlalyzcxl  orlc I.)alld at a tirnc. ‘J’IIc astrc)lllctric errcn causal hy a given J>owcr spectrum
call  I)c dctcrll]incd I)y i n t e g r a t i n g  Llic J)c)wcr sl)cctrur[l lllultiJ)licd  I)y t,llc sl)cctral scllsitivitics dctcrrllirled fro[n
the sirl]ulatior]s.

Resul t . s  arc  give]] ill frgurc 2 ar]d tal~lc  I. ‘1’llcrc arc Several illtcrcstil~g features ill t,hc figure. First, tllc l o w
sJmtial frcqumc. y rcsltolm for  the  rnorc corrl]~act  field 2 sltows a J)cak at. 49 ffl- ] (20 .5  lnrn). ‘J’his is about twice
the  distjallcc from the target star to tllc surrourlcling rcfrmrlcc stars. For  la rger  per iods ,  the  s tars  have  more
cc~l[irlloll-rlloric  rllc)t.iorl. l’or srnal]cr periods (awulnirlg corlstallt t,ernlwrat,  ure variarlce at any spatial frequency, as
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Figure 1: Stjar fields used for pixel disl,lacelIlcIlt sensitivity study.

does tllc ]Ilot), lhc dcforlnation  am])litudc decrcxrws. OrJc expects a ~tlinilnuln at al~out  91 Ii~- 1 (1 1 n)ll)) where
tllerc is one full  thcrlna] c y c l e  acrc~ss tllc field. ‘1’hc 1,101 sljows a  ]Ilil]illlul[l  at about 100 ln- 1; the agremncnt is
rcasollablc consideril~g  tl)c uneven s]]acillg of the stars. Silllilar argu TIIents hold for field 1 when onc accoulit,s  for
tl[c  fainter stars close to the target star.

At )I)id-spatia] frequcncics, both fields show an incrcad scns.itivity  to deforlnations.  For  field ‘2, the peak at
140 in’ ] (7.1 11110),  is about 1.5 cycles across the 11 III]!! wide field, indicating t}lat this peak is sill)ilar to tile cmc
at 49 111-”1 (whi t ] )  has 0.5 cyc.lcs across ttlc field). Field 1 OIICC  again acts M if it is slightly narrower than one
would  Cxj)cct  frolll tllc dis(ril)ution  of I]riglltcr s tars  ill tllc field.

~i~,urc  2 shows tl)at for low sl)atial frcquct)cics, thermal flllctuatiolls should IJC kcj)t below 0.02.5 K if the target
star error rcquimnmlt is 10 ]nicro-arcsecollds. I,arger grad iclits are allowed at hig]lcr spatial frcqucncics.

111  table 1, the results of figure 2 IIavc been reforlnulatcd  tcl Snow the  required  accuracy on pixel ]~ositioll
kllowldgc as a fu]lction of sI)atial frcqum)cy. ‘1’he first two co]ulnns of tllc table are the spatial frcqumlcy a n d
corrcsl)onding spatial period used. ‘1’hc third c.olul)~]i  is tllc r . i n . s , disJ)lacctllcnt  tl]at gives 10 pas as~rolmtric
errors  using tllc larger crrc)r  of citllcr field 1 or 2. Colu)llll 4 gives tile r.in.s. calibration accuracy that lnust
bc acllicvcd pm pixel tocharactcrizc the CC]) at the rccluird accuracy overonc cycle ofthcs])atial f r e q u e n c y .
‘I’llis il{ll~lic.itly ~<sill[lcs  tl~at the  errors  in e a c h  lJixel are u]icc)rrclatcd. (rl’l]is is the case wllcn  the calil)ratio)l is
lilllitdb  yphotonstatistics, forcxal,ll)lc). It wzscor,,l)llt,e{l frol[ltlle sclltarc root ofttlcll\lllll) erofl)ixels/~,eriod
Inultil)licd by tllc accuracy ])er  cycle.

‘J’ltc worst c.asccalil)ratio~, rcquircttlel)t incolu1nn4 iso.0(),5pixcls. ‘J’lIus, toadequatcly  cl)aractcrizc tllc A1’1’
~;(;l), tllepositicnlof  each l~ixcllllllstl, clllc:LsLlre{lt oO.00.51,ixcls. ‘1’IIc ]wrforlnance at all spatial frcqumcics  will
then I)cbcttcr tllall 10 ~las wl)cll  the CCIJiscalil)ratcd  at this level.

3. SIlnlInary of ‘lkcll]liquc

3.1. Ex])cwimc]ltd Sctu~)

'l`llcl)ixcl-ll ]a])])illg  tccllrliclllc  islJasccl ollilrtagir~g ofasil[ll,lc sill{lsoiclal  illterfercrlcc  ],attcrn. ‘1’wosingle-]llodc
film o])tic.s  and a ]zwcr a r c  u s e d  t o  forlll tllc ])attcrll. No cltllm  o]jtics are required. ‘1’hc observed intmfcrcncc
fritlgcs arc conl]~arcd  t.o a coll]l)[ttcr-gclleratc(l ideal fri[lgc p a t t e r n  t h a t  accou[~ts  for  the  cl~la]lt~llr~-e~cicl]cy  o f
cacll pixd. l>hotolnctric cliffcrcmccs  bctwccl] the olmrved a]ld  ideal fringes are convcrtd  to shifts in the relative
pixel positions.l”

l’igllrc 3 isa diagraln  oftl)ccxl)crilncntal sctu}). I,iglIt froln a IIc-Nc laser is injcctcd into a sillglc rnodc f iber
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and s])lit il)to two fibers hy [L dircctiollal coupler. ‘I’llctw’c, fil,crsarcllclcl afmv ~nlna])art ill apolisllcd blockof
allllnitlulll. (rI’lIC  reason for ]Jolisl]ing  is ex]]lailld I)elow.  ) ‘1’tlc fihcrs arc llcld  al~rrlit 1 rlletcr ill front of tlic CCI)
so that intcrfcrcllcc fringes arc for][lcd  with a spacing c)f almut ’20 ~)ixcls CIII the clli}). l;xposurcs are n~adc  usi~lg
both f ibers  silllultalleollsly, al]cl cacll  film in turf].

A  lmst-squares Prog,ranl detcrlnillcs tllcglc,l,al fringe sl,ficillg, oricllt atic,I}, ]~l~ase, alnplitudc, and ~[)odulat,ioli.
‘1’l]c res iduals  c,f tllc o])tilllird fit arc due to eitllcr 1) poor OK cali})ratiorl, 2)  suh-])ixcl gradicmts,  3) CCl~  non-
liljcarities orclec.tric.al cllaractcrisLics, or4)]Jixcl clislocat,i{,],  sfrollI arcg\llargri(l. l’ixcl dislocations  arco},laind
a.< long as tl[c Ql;, ])ixcl  gradic]]t calil)ratio]ls aIId (X]) Iincarity IIavc sufliciclit  a c c u r a c y  ( d i s c u s s e d  b e l o w ) .

1“igurc4 shows Ilow ~~ixcl sl}iftsarcc)l)tail~c{l  froliltlie Ieast-sqllarcs residuals. A ]~l]otolnctric  dift’mwnce between
tllco],tilllllt l)lcast-sclllarcsfit arid  tllc d a t a  isconvcrtd  illtoa pixel  sllifta ccordillgt otllelocal ititellsityg  raclicI]t.
l’ixd I)ositions  arc’l!lcasurd olIly  in tlIf2 IIeighhorllood c)f IIlaxill]lllll fril}gc s]o1)c. (’1’he s o f t w a r e  c u r r e n t l y  uses
A~/4 of  tllc lllid]~oi[lt). A  ]Ila]) o f  tlIc  entire CCIJ is obtaiued l)y stit,c]ling toget]ler IIlaps ]nadc frol[i  f r i n g e s
llavillp,  clifl’crcl~t })l}ascs.

Sil]cctliecxl)critllctlt rlleasllrcs tllerclat,ivc {listallcesl  )ctwccll ])ixels,  it is not IIcccssary to c o n t r o l  the absolute
distalicc l~c’twecll tile fil)m-s (wllicll  defines alm]ll]k })ixc] sizr), t]]eir relative ol)t,ical  j)lIa.w (wllicll  defines t h e
]wsit,ioIloftllc C;C;I)a.sa w]]olc),  ort]lcfri]lgc visil)ilit,y  (w]lictl  co]ltrols scllsit,ivity t,opixcls]lift,s),  ‘1’]]  cfriilgesarc
allowd to jitter dl]ril]g all exl)osure a s  loIIg a s  tllc frirlge ])atter]l ill Ilot  w’asl]cd out. ‘1’lle cxl,erill]cntal sclup is
IIot  drivcll by ally tllerlnal or dil[lcllsional  constraints. It, is also worth cl[l]jllasizing that tllc’ “flat ftcld”  calil~ration
f o r  tlliscxl~crililcnt is t r iv ia l .  I t  isollly llccessary to Irlca.sure  t]lc  fil,crs i[l(livi[ll[ally(c~sily done I,y Llocliingollc
fil)cr  a~ a til]lc); it is NorJ”  )Iccessary to illulninate the CCI) wi th  a  u]lifor)ll  itltet)sity l)eatn. Accurate  flat fields
a r c  ol)taillcd a s  lol)g  a s  tllc fiber hea~)]s (wit])  JWIIM = 2(I CIII  at,  ttlc  c]]il)) do ]Iot  w a n d e r .  Sllut(cr exlmsurc
tjitllc  f lue . tuat io l l  requircrnet)t,s arc easrd hy using ex])osurc tilnes of afcw seconds duratioll.

OIic  shortcot[lillg ofusirlg free-sl~ace I,roI~agatic,rl  tc, fc)rltl fringes Iwtwecvl twc) j,oint sources is that tl~r in-
terfcrmlcc f r inges  intmrscct the [W]) along IIypcrl)o]ic  a r c s . ‘J’lle hylwrl)ola  sl]ould bc c e n t e r e d  ofi the CCI) t o
II]ai)ltain tll]iforlll frillgcsI)aci[lg a c r o s s  tile chip. Additio~lally,  tllc chil)sl]ould I)c Pcrlwlldicular  tc] tile axis oftllc
t w o  ])oilltsourccs. ‘J’oacl]icvc this c)riel]tatioll, a laser I)cal[l  is  retlec.tcd  lwtwecu tl~c ]Jolishd l)lock  holdiug  the
fibers aIJd tllc CC]). ‘1’IIc rcflcctd hcar]ls can easily be ali~,l)d t o  0 . 0 0 1  radiarw. With  Lllis alignment precisio~l,
tllc frillgcspacillg chaliges  by 0 . 0 0 0 4  ])ixels  at tllc dgc of the WI), Wllilc CCIl tilt Icads to alllaxilrl(ll[lfril~ge

s])aciw?, CIiflcrcllcc (l)~tw~cn  the to;)  al]d  Lottc)lll  c)f t}le c}lip) o f  0 . 0 0 0 3  ~)ixrl. ‘1’llis is well }Nlow our  requirernel]t
of 0.00fi  pixel.



— True signal

----- Measured signal

M

M = Signal Gradient c = Signal Error

The equivalent pixel shift is dx = - ~ pixels

Figure 4: Corlvcrtillg  a p]lotol[letric error into a IIixel rcgistratiorl e r r o r .

3 ,2 . Smlsitivity

‘1’lIe  tccl]riiquc works  by corlvcrti]lg the ])l)otorl)ctric diflcrcmcc  l]dwrml tllc recorded arid ideal sitlc wave into
a ])ixcl  registratiorl  error . A s  shcnvn ill f i g u r e  4, a pltc,tot]let,ric diflercllcc of c where tllc pixel intensity graclicnt
i s  A4 yields a registration e r r o r  o f  d~ = c/Al. WIICII N ]jllotoclcctror~s arc rccordcd ir} a pixel,  the r . i n . s . noiso
lCVC1  is {N. ‘1’IIus, tile ]lc)isc-ccl~iivalc]lt  pixel s h i f t  i s  rlx =. ~N/Af.

IIlcrcasing AI ilicrcases tho serwitivity c)f t}}c cxl>crilncl,l. 14 cali  lw increased })y rducillg tllc fril)gc s],acing
and by adclillg  t,ogcthcr lnultiple exposures. If the s[)acitlg is too slnal], the Iczwt-squares ~~rogralli  (w]lich  assulnes
]JoitlLlikc ]Jixels)  i]]t,roduces it’s own  plloto]nciric errors dIIC to t]je cl]rvatl]rc of t]lc s i n e  w a v e .  A ])criod  of ]()
pixds is about, tlw Illinil]n]ln  desired. (’1’llis call  Lc illl])rovcd by writirlg  a  l e a s t - s q u a r e s  ])rograrn that irltegrates
the si]le  wave  ac.rc)ss cad) pixc], I)ut  tl]is would  g r e a t l y  rcducc executio]) S1,CN  I.)

1“01 a tyl)ical fringe llavillg .50,000 courlt,s  ]jcak-t~],eali and a I,eriod of IO ])ixds, the lnaxilnulli gradient is
A4:. 15,700. At t[lid-fril~gc,  tl]c ali}plitudc is 25,000 counts a~ld t}le snot I}oisc is {N-=158 counts. ]n a single frarnc,
tlic rcsultil]g ]Jixd sensitivity is dx = 0.01 ])ixels.  ‘1’IIc smlsitivity illcrcmcs as t,hc s q u a r e - r o o t  c)f the nufnl~cr  o f
frallics averagcxl  together. ltduciug Lllc ],lloton-li~llitd I,crfor[l[a]lce of the technique to 0.001 pixels requires oll
the c)rdcr  of 100 fralncs of coaddcd data .

3.3. $ “t “L ys Clllatlc (!rrors

3 . 3 . 1 .  l’l)OtoIilct,ric

‘1’llc above disc. ussic)]) assutncs that, Q]+; calil)ratio]l errors do not cont,ril)utc to t,}lc n o i s e .  ‘1’l)is call  I)c acllicvcd
l)y ll)akillg  Inarly single-fiber cx~)oslircs,  so that tile l~llllll)cr  of pllotor]s recorded in the “flat-field” cstir]latic,n far
cxc.ccxls the nulllbcr of  pltotons ill LIIC fritlgcs.

Ollc still poorly understood Incchatlislr] prcscllt ill CCI)S is diffllsiol]  of tllc cllargc aTnong  l)ixcls. la MTII’/l’C 11
cllil)s,  ilnagc sllarl)ncss was solncwhat  less  tlian cx]mct, cd. A Kodak chip wit}! 6.8  l(]n  square  ]]ixcls  was lllcasurcd
alI(l folllld  to l]avc  a Pixel  response  fullctic)rl  that is sigtlifica~ltly larger Lllall a Pixel. 11 ])iff[,siorl affects  tllc pixel

]wsition lncasurclncnts by biasirlg t]lc QE calil~ratiorl t o w a r d  t]]c  r)lcan  Q]+; of t}lc chip. A rclat,ivc Q1’; error of 6

leads to a pixel error of l’d/2rr, wllcrc 1’ is the ],eriod of tlw fringes. Witl~  1’ typically set at 10 pixels, a 0.19’0
QII; error IIlatlifcsts  itself as a 0.0016 ])ixcl positioa error.

IIccausc tile fril)gc analysis takes place ill the lillcar portion of fringe gradients, diffusion has tile satnc sr[lootJh-
illg  cflcctl on tllc fringes that it, has 01) the QI; calil)ration. It reduces fringe colltriw~t, tllcrehy red~lcing  sensitivity,
I)u1 i t  d o t s  n o t  b i a s  tllc rllcasurcrrlc]]ts. if diffusiorl  is ~lot uuifcmfrl  or if it is itltcllsity dcpelldcllt, tllcl[  t.]iascs



can  exist. lror ~lofl-lltliforll]itics to he s i g n i f i c a n t ,  llIry Inmst cllatlgc tile I[tm.surcd  Qlt rc.lativc to the cficctivc QII
during Cxl)cmurc  to tl)c fringes, by al)out 0.170.

i,ikc di[rusion, CC]) nonlinearity leads to arl effective Qll error. Saturation should be avoided, Non-1 inearity
a]) Iwars as J)ixcl errors that Ilavc  the saltlc period and or ienta t ion  ~$ the interfcmncc fringes. ‘Ilus, it is eassily
filtered and slIcJuld not lirnii the sensitivity of this technique.

‘lIIc sclwitivity clisc.ussiofl  also ignored A/l) resolution. An 8 bit mlcodcr allows a sirlglc-frame resolution of
1 / 8 0  pixel, while a 1’2 bit encoder is 16 tinlds lrlore scmsitivc.  IlotlI of tllcsc figures can bc irllproved by frar])c
atld signal averaging. ‘J’yl)ically,  the full well is slllall cnclugll  that the shot noise is a significant, fraction c,f each
digitimr level. For  cxarn])le, wllcn  the fall well is 100,000 clectrorls deep, the fringe midpoint is at 50,000 counts ,
irlll~lyirlg  an r.rn. s. snot rloisc  of 224 counts . Arl 8 bit etlcodcr that spa[ls the full well has 390 counts/level.
Arlalysissllows t h a t  tl]c rncatl value of the digitizrd sigrlal will dcwiate})y 44 x  1 0- 6  cornpard to  thctruc rncan
as the count lcvd roovcs frorll orlc digitizer lCVCI  to tlw next . ‘1’]Ic 8 I)it e n c o d e r  130cs r~otlilnit ])ixel calil~ration
at! the! 0.001 level.

3.3.2. Gcorilctric.

Q}; gradients across individual i)ixels  interact with tlIc irlterfcrerlce frirlges  just as they interact with irnagcs.
Wrllcn the gradimlt is in the satllc dircctiorl  as tlIe f r inge  gradient ,  tile rccordd  sigrlal is larger than OIIC w o u l d
cxl)cct bad olI tllc flat Q]’; calil)ratic~rl.  WIIC’11 the f r i n g e  gradient reverses sigrl,  LIIc I)hotor]]dric  error does  t o o .
‘1’1111S,  tllc QE gradients  bia~  the pixc]  location ill tllc sallle dircct,ion  no rnalter what  the  f r inge  ~)hase is at the
])ixcl.  ‘1’llc eflict is irl(listi~lg[lisllal~lc  frorli  ])ixc] (Iisl)laccl[lellts. ‘J’lIc sar]lc is true for st,c]lar images  and star trails.
lrl dl’cct, the frir]gcs  arc IIleasliring  tlIc  net “astrornetcic I)ositio]l” o f  t}le ])ixcl,  which  i s  tllc qual)tity that, onc
actually lids for astr-olnetric calil)r-atioll. ‘1’0 determine tl)r? true relative positions clf the pixels, tile Q1’1  gradients
slIould l)C either 1) IIleasured wit])  suflicierlt accuracy, or 2) tllc salne on all I)ixels.  SirIce  QE gradicrlts are mainly
duc tc, tllc regular  I)attcrl) of eleclrc)des across  tllc Ijixels, it is likely that they are tt}c saillc fror[l  pixel to ljixel.
At least OIIC autl]or IIas  corlfirlnd that, p ixe l  gradients  re})cat  to 10% froln ])ixcl-to-ljixel.  ]2

W]]ilc collcwtirlg  data that are intended to Lc co-added,  tllc CCl) slIould Ilot  rotate with rcs~,cct  to tlw fibers.
ILotatiolt causes  tllc f r inges  far  f rom the  center clf rotatic]ll to I)lur. I’ringe  al[lplitudc bcc.ornes  a  func t ion  of
])ositioll, cwcmtua]ly  causi~lg  syst,cmatic  l]ositiona]  crrc)rs. ‘1’lic allowal,le  rotation can he derived by wr i t ing  the
equatiol] for fringe a~]]])litude  ~s a fur)ctioll of t.1117  rclativr rotatio]) of  two fringe ])atterlls. M’ithout  g o i n g  i n t o
dCtail  ]lCrC,  WC f i n d  Lllat  L]IC  rOttItiOnFi]  St. ?rbi]ity  K’(lUir(’rIIC’l[t  fOr ().()()1  ~lixe} Calil)ra(iorl CrrOrs is ~ arCSCCOrl(]s.
‘1’llis is  easily acllicwed  I)y r]lourlting tllc car[lera olI t}le sallle ol)tical  lICIICII a s  the fiber l)cad.

4 . Jtx])crinlcl]tnl l{cslllts

‘1’hc c.llip being t e s t e d  had tllc sal~lc dcsigll zs st,al~dard  (]5 lllicrc,rl  ]]ixcls)  w}~/]’C  1 1  cllil~s, l)ut t,]lc p i x e l s
were 7.5 x 7.5 Illicrolls,  IIot]l sm:il]  and starldard Wl,’/l’C 11 clli])s are ktlow’n to IIave  a stc~)-ar}d-repeat error at
500 Inicron inc.mmnts (G8 rows cm the sl]]all clli]m).  ‘1’hesc arc ])resur[lal)ly duc to either positiol)al errors or edge
dl’ects on tllc 500  micron  rcticles usd tcI fal)ricatc the clli~)s. on sl[lall \$r17/1’(; 11 chi J)s, the 68t}l row ap])rars to
bc a])~~rc)xi]llatcly  6% rnorc srnsitivc tharl t}Ic average, wliil[’ on sta]ldard W 17/1’(; 11 cl}ips every 34tli  row has a
scllsitivit,y  dro]]  of al)out 3(%.

Wllilc it has bcerl  assu]IIed tl]at a rcticlc ste]band-rc])cat error IIas  rcsllltcd irl rows that arc either too wide or
too  rlarrow, 110 onc lI:Ls slIow  II wllctllcr  or I]ot the rflrct is cl]rlllllativc  across tllc C.}]i]). ‘1’lIr-  rmults l)rcwerltcd  here
clear ly  slIow  t}lat tfllc cflect is cu]]lulatfivc:  that is, relative to a uliiforrn grid of ])ixcls,  tile rc)ws of slllall W1’/l’C
11 clli]w walk off by al~out  -500 n]]] every 500 )llicro~ls.  ‘1’he 800 x 800 srna]l clli]~ is about 600 rirl) srllallm along a
c.olu]t)Il that) alo~lg a row.

‘1’lIc raw clata in this cx])crirnellt  cons is ted  of 8 frarlles each of: frillg,cs  at x 45”, fri~lges  at = -45°, I)earn  1,
and bcarn 2. ‘1’lIc data were recorded using arl &l>it A/l), I)ut  tllc gain was set so that full we]] occurrd at 1 9 4
courlt,s.  Fringe contrast w a s  600A). ‘J’IIc chip was cc)c)ld  to al)out O “C ar)d krq~t dry using a steady strearl] of dry
N2. ‘1’IIc clli]) was riot 1 1  OUSCC1 i]] a dmvar, a n d  ttlerc wm+ no wirldow. ];xl)osurc tirlles were 2 - 3  SCCOIICIS.  Fringe
sl)ac.illg  was al~out  20 pixels.  Ilalf of tile clli]) was  rnaskd atid ttlc c.llil) was  used ill a frarne-trarlsfer II IO(IC. Pixel

readout, sped was  300 kI>ix/scc. A 300 x 300 wi]ldow  cxtelldirlg from I)ixcl (280,80) to (579,379) was analyzed.
hlcasurelllcllts of tllc small Wl+’/1’C 11 C.llil) snow that t])c  st,cl)-arid-repeat error is curnulativc.  I’igurc 5 shows

tllc average dcviatio~l of each row after sul)traction  of tile tilratl ]Jixcl s],acirlg, ‘J’llc ;)attcrn is exl)lairld in figure
6 .  ‘1’IIc stcl)s arc al)out 0 .07  Pixels, or 525 ~lllt large.
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l’igurc 7: ILcs]ml,sc  to a single fiber bealn. 300  co lumns  arc averaged togctller. ‘J’l}e res],otlse a t  tllc right edge
Illay I.JC due to lIc~rl-lllliforlllity  of the beatn.

‘1’lJc rcducd data has a for~llal  r . in .s . ]]ositiollal  error per ]jixcl  of 0.14 pixel, WIIcn  averaged across 300
Co]ulnlls,  the  e r ror / row is  0 .008 ]Jixcl.  (’1’llis is the Iloise  SCCVI ill figure 5). ‘1’tlc IIigll level  of nc~isc in tile data set
is ]llaiflly tllc result of 1) l]aving only al)out 100 bits rcsolu(icm across tl]e fril~ges,  2) having a fringe allllllitudc

of Only 10,000 clcctrolls, and 3) (.)~  calil)ratio)l errors c)f al)out 2’%. ‘1’llcsc together accout[t fc)r about 0.1 })ixcl
IIoisc.  ‘1’l]crc rcnnaiiis a {2 difference bctwccn obsrrvd  arid  tllcc)retical noise that is ~lot yet unders tood .

‘J’l[estel)-al~cl-rcI>eaL  errors  across  t,llcc;~;])occllr at, tllelocatiollso fa],parellt ercess QF; (figure 7). ll~lt tllc
sigila] in figure 5 indicates  t]lat,  tllc st,el)-al)cl-rcl)cat error is ]Iegat, ive ill sign: g,rou])s of 68 rows are disl)lacd by

al)out,  0.07 ]Jixds toward the first row. O1,cexl)ectjst  llc],ixelsa tste])-a!,cl-rc], cat l)olll][larics tollavc%7%(j~
dro]m.  Not.c that standard \VJI’/l’~ 11 c)li]]s, whicl)  were  IIladeon the sa~lle wafers  as  the  small chips  and h a v e
l)ixcls2 x  larger ,  docxhil)it  Q1’; dropsof  al)out 3-3.5  %cw cry 34 ])ixels. ‘1’llis is ill accord wit,Ji the lncasurmrlcnt
of a negative stc]kand-rcJ)cat  error. ‘1’he Q~ cxccss c)f the  slllall clliI,s  rcrnaills ulwxI,lained.

A]lothcr illdicatortl]at t])estep-and-rcl) cat ],rocess isllcgativeinsigtl issllowll ill fi.gurctl. ‘1’hisisaclosc-up
])lot  of the ste]) occurring at pixel 226 i]] figure 5. ‘llIc]jlot SIIOWS that  the  cmlter ofliglltof]jixel 226iss}lifted
significantly less than tl]osc ahovc it. ‘J’hisis col}sistellt witl~ the top edge  ~llovillgby  a  dis tance dyso tliat,  its
c.et]tcr ofligllt rIJovcs  by dy/2. Olllcr I)ou])dary ]Iixels  arc sitllilar.

Yet at]otller illtcrcstillg fcaturcof t h e  ste])-a]ld-re]jcat, e r r o r s  i s  that tl)cy  l]avc  rougll]y thcsa~nc lnagnitudc
across tile 300 I)ixels that were lneasured. ‘J’his is ill coll~rast to the Ql,; cxcesscs, which varied l~etwcell  2% and
8%( fig>ure 7).

5. Cku]clllsio]l

larly cxpcrillmi~tal  r e s u l t s  SIIOW that, a fiig]lt-qllalifiecl [~(;]) w a s  lnallufact,ured wit, tl g r o s s  stc])-and-repeat
errors .  We fully exllcct that with further cxl)crillletltat,iofl  we cafl calihratc the cnt, irc CZIJ at tl]e levdsrcquirrd
f o r  alligll-prcc.ision astrolllctric nlissio~).

Wcarcc.urrcmtly b u i l d i n g s  ~~1) cal[]eralhat ]Ic)uses W1;/1’C;II cllip.s (large orsl[lall). “J’hc caroera wi l l  I)c
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]~igurc  8: IGlosc-u]) of tl]e dgc at pixc]  226.  ‘1’IIc center  of ligl,t of t}le l~out,dary ~jixc] is s], iftcd I,y al]out I/2  as
]J)uc1] as tlte l>ixc}s al)ovc it. ‘J’his shi f t  is ccnlsistcu]t  wit])  the ~)ixcl narrowitlg by 500  nrn.

usd for ilnl)rovillg ~~11 calil)ratio]l tccllniqucs, illcluditlg global ])ixcl ])c)sitiorl,  sul)-])ixc]  Q1~ g r a d i e n t s ,  and tile
still -ltlysterious WI’’/{;  {; 11 diffusion /scattcrillg prol)lc:n. With this calllcra, wc should acllievc lwttcr tl[an 0 . 0 0 5
l,ixel resolution ])cr ]~ixel. W’c also ])lall  to characterize fligllt-like devices by stuclyil)g large forlllat, slnall-],ixc]
cJlilm. ‘J’llis clli])s  arc 4096  x  4096  allrl  IIave  9 IIlicroll  ]Jixcls.  ‘1’lley IIavc full  welts  of 1 0 0 , 0 0 0  c . -  and call IN?. usd
it) Ml’]’ or ])artial-it]versic  ]ll n-t OdC.

Wc  arc a l s o  Studying  tllc in siiu apl)licatiol] of  this tectllliquc  for  ground-hascd at)d  c)rl~ititlg  telescc,Iws.  ‘J’lIc
two  fillers would bc ~]laced in the IIli[idle  of Lllc telescol]c’s s e c o n d a r y  ~nirror  (wllicll  i s  o t h e r w i s e  unusd  due to
tllc cclltral obscuration) and ],oi~lt,cd a t  the  ~~1). A  switclliiig dircctic)lla] cou})lcr  would sclld illc IiglIt  of a low
])owcr  laser to citllcr fiber or split it atno]]g both, lf’ritlgcs would  IJC forlllcd 011 tlw olmervillg ~~1) just as in the
laboratory cx})erilnellt,

WC acknowledge  tllc assistance of S. S011 and c. I)avis itl collecting tllc raw {;[;I) fralrlcs. ‘1’lte ca?llera usd is
a }Irototy}w  device built by S. SOll  for a candidate l’]uto tr]iss  ion itlstrultlctlt.

‘1’]Ic rcscarcll descrihd in t h i s  ~,a}wr wa~ c a r r i e d  o u t  al the Jet, ]’roplllsioll ],al)oratory, C;aliforllia ]nstit~ltc
of ‘J’ccl Etiology.  ‘J’lIc research was  partially sul)portcd Ly NASA t,ltrougll  gra~)t  nun]l~er  A1t-3574  .01-91 A from the
S],acc ‘J’CICSCO1)C  Science  ]I)stit[lt,c, w]lic][ is operated by AIJ]lA,  ]IIC., ulldcr co~lt,ract  t o  N A S A .
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